It is generally believed that prokaryotic translation is initiated by the interaction between the Shine-Dalgarno (SD) sequence in the 5′ UTR of an mRNA and the anti-SD sequence in the 3′ end of a 16S ribosomal RNA. However, there are two exceptional mechanisms, which do not require the SD sequence for translation initiation: one is mediated by a ribosomal protein S1 (RPS1) and the other used leaderless mRNA that lacks its 5′ UTR. To understand the evolutionary changes of the mechanisms of translation initiation, we examined how universal the SD sequence is as an effective initiator for translation among prokaryotes. We identified the SD sequence from 277 species (249 eubacteria and 28 archaebacteria). We also devised an SD index that is a proportion of SD-containing genes in which the differences of GC contents are taken into account. We found that the SD indices varied among prokaryotic species, but were similar within each phylum. Although the anti-SD sequence is conserved among species, loss of the SD sequence seems to have occurred multiple times, independently, in different phyla. For those phyla, RPS1-mediated or leaderless mRNA-used mechanisms of translation initiation are considered to be working to a greater extent. Moreover, we also found that some species, such as Cyanobacteria, may acquire new mechanisms of translation initiation. Our findings indicate that, although translation initiation is indispensable for all protein-coding genes in the genome of every species, its mechanisms have dynamically changed during evolution. dynamic evolution | Shine-Dalgarno sequence | ribosomal protein S1
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T ranslation initiation is fundamentally important for all protein-coding genes in the genome of every organism. Initiation, rather than elongation, is usually the rate-limiting step in translation, and proceeds at very different efficiencies depending on the sequences in the 5′ UTRs of mRNAs (1) . In prokaryotes (for both eubacteria and archaebacteria), the Shine-Dalgarno (SD) sequence in an mRNA is well known as the initiator element of translation (2, 3) . The SD sequence, typically GGAGG, is located approximately 10 nucleotides upstream of the initiator codon. The SD sequence pairs with a complementary sequence (CCUCC) in the 3′ end of a 16S rRNA. In the 16S rRNA, the sequence is called the anti-SD sequence in the 3′ tail of which region is single-stranded. The interaction between the SD and the anti-SD sequences (called the SD interaction) augments initiation by anchoring the small (30S) ribosomal subunit around the initiation codon to form a preinitiation complex (4) . The importance of the SD interaction for efficient initiation of translation has been experimentally verified for both eubacteria and archaebacteria. Alterations of the SD sequence or the anti-SD sequence strongly inhibit protein synthesis, both in eubacteria including Escherichia coli (5) and Bacillus subtilis (6, 7) and in archaebacteria such as Methanocaldococcus jannaschii (8) . For this reason, the SD interaction is thought to be the universal mechanism of translation initiation in prokaryotes (9, 10) .
Although translation initiation is essential for all proteincoding genes in the genome of every species, its mechanisms are quite different between prokaryotes and eukaryotes. In eukaryotes, translation is generally initiated by a scanning mechanism. The small (40S) ribosomal subunit, with several initiation factors, binds the 7-methyl guanosine cap (11) at the 5′ end of an mRNA. It moves along the mRNA until it encounters an AUG codon that is surrounded by a particular sequence such as the Kozak sequence (12). Hernández (13) hypothesized that the emergence of a nucleus led to the disappearance of the SD interaction and establishment of other mechanisms of translation initiation in eukaryotes. Thus, it appears that the mechanism of translation initiation in eubacteria and archaebacteria have not changed during evolution as a result of the absence of a nucleus.
However, two exceptional mechanisms of translation initiation have been identified in prokaryotes. One is translation initiation mediated by a ribosomal protein S1 (RPS1), which is a component of the 30S ribosomal subunit. In Escherichia coli, RPS1 interacts with a 5′ UTR of an mRNA, initiating translation efficiently, regardless of the presence of the SD sequence (14, 15) . RPS1 of E. coli contains six S1 domains that are essential for RNA binding, although the number of domains is different among species (16) . Recently, Salah and colleagues (17) analyzed the molecular diversity of RPS1s, and classified them into four types depending on their functional reliability of translation initiation, suggesting that the function of RPS1 in translation initiation is different among prokaryotes.
The other mechanism of translation initiation is for leaderless mRNAs that lack their 5′ UTR. A leaderless mRNA directly binds a 70S ribosome including an N-formyl-methionyl-transfer RNA, where translation is initiated (18) (19) (20) . Leaderless mRNAs have been found in various species of prokaryotes, particularly in archaebacteria (21) (22) (23) . For example, in Halobacterium salinarum, which belongs to the Euryarchaeota, leaderless mRNAs show a 15-fold higher activity in translation than mRNAs with the SD sequence (24) . This suggests that the SD interaction might not necessarily be effective for translation initiation in some species of prokaryotes. Rather, the presence of these two mechanisms implies the possibility that the mechanisms of translation initiation have diversified among prokaryotes (25) . However, the evolutionary changes of these mechanisms of translation initiation among prokaryotes are still unclear. In particular, it is interesting to know how universal the SD sequence is as the effective initiator for translation among prokaryotes.
The main purpose of this article is to answer this question to understand the evolutionary processes of translation initiation. We examined the genomes of 277 prokaryotes belonging to 14 phyla of eubacteria and three phyla of archaebacteria (Dataset S1). To whom correspondence should be addressed. E-mail: tgojobor@genes.nig.ac.jp.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 1002036107/DCSupplemental.
Our comparative analysis of a wide variety of genomes provides a comprehensive picture of the evolution of the mechanisms of translation initiation.
Results
Conservation of the Anti-SD Sequence in 16S rRNA. To identify the SD sequence in the genomes of 277 prokaryote species, we first determined the 3′ terminal sequence of a 16S rRNA, which includes the anti-SD sequence, in each species. We defined the last 13 bases of a 16S rRNA as the 3′ tail sequence, which is the same as that of E. coli (GAUCACCUCCUUA). We found that the annotated sequences of 16S rRNAs in 98 of the 277 species do not contain the nucleotide sequence CCUCC, the anti-SD sequence of E. coli, in their 3′ tails. It is known that the annotation of 16S rRNAs is often dubious (26) . Therefore, to determine whether the absence of the anti-SD sequence is an annotation error, we extended the terminal sequences of each of the 16S rRNAs using the genome sequences of the 277 prokaryotes. We then constructed a multiple alignment from these sequences. As a result, we identified a highly conserved motif in the extended 3′ end of 16S rRNAs of each species corresponding to the sequence of 3′ tail of a 16S rRNA of E. coli (Fig. 1) . In particular, the anti-SD sequence was completely conserved in all species examined, except for three archaebacteria in which the cytosine at the last position is substituted by adenine. We also found several other highly conserved motifs in the upstream region of the 3′ tail ( Fig. S1 shows alignment of 16S rRNAs). We therefore used the obtained 3′ tails of 16S rRNAs of each species for identification of the SD sequence in this study. The presence of this highly conserved anti-SD sequence indicates that the SD interaction functions as the initiator of translation in various prokaryotes. Dataset S1 includes the 3′ tails of 16S rRNA sequences for all species examined, which were annotated and obtained in this study.
Interspecific Variation in the Proportion of SD-Containing Genes. We examined the presence or absence of the SD sequence in each mRNA of the 277 species by calculating the interaction energy between the 3′ tail of a 16S rRNA and the SD region of an mRNA sequence, from -20 (i.e., 20 bases before the initiation codon) to -5. The SD sequence (such as GGAGG) is GC-rich, and therefore a genome with a higher GC content tends to artificially show a higher proportion of SD-containing genes (we named the proportion of SD-containing genes R SD ). Therefore, we calculated the R SD value of the random sequences with a given GC content in a species (rR SD , 0.24 ± 0.11). We then defined an SD index dR SD = R SD -rR SD (see Materials and Methods for details). We found that the dR SD values vary greatly among species, ranging from 0.836 to -0.229, suggesting that the usage of the SD sequence is highly diversified among prokaryotes. We summarized both values of dR SD and R SD for each phylum in Table 1 (data set for all species examined). Fig. 2 shows the phylogenetic trees of eubacteria (249 species) and archaebacteria (28 species) based on their 16S rRNA sequences. In this study, we classified the species depending on its phylum provided by the Gene Trek in Prokaryote Space 2006 (GTPS2006) database in DDBJ (27) . The species in Proteobacteria are subdivided into five classes as exceptions because of the large number of species (138 species). Firmicutes are also subdivided into two classes; (i) Mollicutes, including Mycoplasmas, and (ii) the other Firmicutes, because of distinct biological features of Mollicutes (e.g., ref. 28). Phylogenetic analyses suggested that, regardless of the variation in dR SD values among species, the dR SD values are relatively constant within each phylum. However, the dR SD values of Euryarchaeota or Mollicutes varied within phylum or class, respectively (Discussion). The box plots of dR SD classified by phylogenetic relationships (29) showed that the phyla with low dR SD values (such as Bacteroidetes, Nanoarchaeota, and Cyanobacteria) have no close relationships to each other (Fig. S2A ).
RPS1: An Alternative Mechanism of Translation Initiation. As noted in here earlier, RPS1 can initiate translation without the presence of an SD sequence in an mRNA, and the molecular structure of RPS1 varies among phyla. We therefore hypothesized that a variation of the SD sequence is related to molecular diversity of the RPS1s among prokaryotes. To verify this hypothesis, we classified all species examined into five types depending on the reliability of the RPS1 function for translation initiation, according to Salah et al. (17) , Wilcoxon rank-sum test of types I/II vs. types III/IV except Cyanobacteria). This result shows that species with a functional RPS1 for translation initiation tend to show low values of dR SD . However, we also found that the dR SD values of type V varied (Fig. 3) . The exception of Cyanobacteria in type IV and the species in type V may represent the possibility of other mechanisms of translation initiation, including leaderless mRNAs (Discussion).
Evaluation of SD Interaction for Efficient Initiation of Translation.
The results of our analysis revealed that the universality of the SD interaction as the effective initiator for translation is debatable, and one might wonder whether the SD interaction is really functional for an effective initiator of translation, particularly in those species with low dR SD values. To answer this question, we categorized all species examined into three groups depending on their dR SD values: high SD (dR SD >0.5; 78 species), middle SD (0.5 ≥ dR SD > 0.1; 170 species), and low SD (dR SD ≤0.1; 29 species; Fig.  S3 ). For each group, the efficiencies of translation initiation were compared between SD-containing genes and non-SD-containing genes. It has recently been shown that mRNA folding around the initiation codon is associated with the efficiency of translation initiation and plays a predominant role in determining the amount of protein produced (30, 31) . The rate of translation initiation is thought to be high for an mRNA whose secondary structure around the initiation codon is unfolded. In addition, codon biases in a coding region are correlated with protein production (32, 33) . For this reason, we evaluated the efficiency of translation initiation of each gene by the energy of an mRNA folding around the initiation codon and the index of codon usage bias.
As a result, in the high SD group, SD-containing genes showed significantly lower folding energies or stronger codon usage biases than the non-SD-containing genes ( Fig. 4 ; P < 10 −5 in both cases, Wilcoxon signed-rank test with Bonferroni correction), indicating efficient initiation of translation in SD-containing genes. In the middle SD group, codon usage biases in the SD-containing genes were significantly larger than those in the non-SD-containing genes (P < 10
), whereas folding energies between SD-containing and non-SD-containing genes were not statistically different (P > 0.05). In the low SD group, there were no significant differences between SD-containing genes and non-SD-containing genes in the folding energy or the codon usage bias (P > 0.05 in both cases). These results indicate that the SD interaction is not an efficient mechanism of translation initiation in species with a small proportion of SD-containing genes. These results further suggest that the loss of the SD sequence might be a result of the loss of function of enhancing translation initiation.
Gene Function Related to SD Sequence. Gene function might be related to the diversity in the SD indices among prokaryotes. Fig. S4 indicates the relative fraction of the SD-containing genes in each functional category. We found that metabolic-related genes, especially for energy production and conversion, tend to show a higher proportion of SD-containing genes than the other functional categories (P < 0.01, Wilcoxon rank-sum test). This result indicates that the presence or absence of an SD sequence in a gene may depend on the gene function. We also examined the correlation of dR SD values with genomic or environmental features of species, including the genome size, the number of genes, gene densities, and living temperatures. However, we did not detect any significant correlations (Fig. S5) . Therefore, gene function rather than genomic or environmental features may be partially responsible for the diversification of the mechanisms of translation initiation during evolution.
Discussion
Our analysis clearly shows that the SD index in a species is highly dependent on its phylum. However, Euryarchaeota and Mollicutes are exceptions to this result. The phylogenetic trees in Fig. 2 and the box plot of dR SD in Fig. S2A show the diversification of dR SD in these two groups. Interestingly, those species do not have any RPS1. A possible explanation of the variability of dR SD is related to large proportions of leaderless mRNAs in these groups. Although it is difficult to distinguish between a leader mRNA (i.e., an mRNA with a 5′ UTR) and a leaderless mRNA from genomic sequences, it has been reported that leaderless transcripts are often found in archaebacteria, but rarely seen in eubacterial species except Mollicutes (21-23, 34) . As for Euryarchaeota, the diversity of the SD indices can be also related with the high diversity within a phylum (Fig. 2B) . The Euryarchaeota consists of eight heterogeneous classes ("eury-" means "broad") such as extreme halophilic species including Halobacteria (indicated by "α" in Fig. 2B ), extreme thermophilic species including Methanopyri, Thermococci, and Thermoplasma (β), methanogenic species including Methanobacteria, Methanococci, Methanomicrobia, and Methanopyri (γ), and sulfate reducers including Archaeoglobi (δ) (35) . Indeed, the dR SD values in each class are relatively constant, and species living in similar environments tend to show similar dR SD values (Fig. 2B and Fig. S2B) .
Our results also revealed that the diversity of RPS1 function for translation initiation correlates with the proportion of SDcontaining genes of each phylum. This might be related with a gain of function in RPSs of the species whose RPS1s are not used for translation initiation. The RPS1 of Fusobacterium nucleatum (Fusobacteria) was reported to be a fusion between protein LytB (residues 1-286) and four S1 domains (residues 450-800) (17) . Moreover, the RPS1 of Cyanobacteria was reported to be nonfunctional, because its S1 motifs seem to be unable to bind the 30S ribosome (17) . However, we found two copies of RPS1 with four S1 domains in seven of nine species of Cyanobacteria genomes (Dataset S1). These results might indicate that several RPS1 proteins have gained a new function other than translation initiation.
Moreover, as shown in Fig. 3 , Cyanobacteria show low values of dR SD (mean, 0.012), which are totally different from the dR SD of the other species whose RPS1 is also not used for translation initiation (the mean value of type IV, except Cyanobacteria, is 0.716). This observation can be explained by assuming that another mechanism of translation initiation is also used in Cyanobacteria. In fact, we found a strong cytosine bias immediately before the initiation codon (CCaug, with "aug" representing the initiation codon) in Cyanobacteria species, especially those belonging to the Chroococcales class, using the G-test (Fig. S6 ; see SI Materials and Methods for details). It might be reasonable to assume that this bias is related to translation initiation, considering the position of the bias. Interestingly, the Kozak sequence [GCC(A/G)CCaugG, A/G represents A or G] observed around the initiation codon in eukaryotes is also characterized by a CC dinucleotide immediately before the initiation codon. Although the same nucleotide bias was detected in other species, such as E. coli belonging to Proteobacteria (Fig. S7) , the tendency is not as strong as in Cyanobacteria. Conversely, nucleotide biases of G and A at the SD region were weak but significantly observed in Cyanobacteria (Fig. S6) , indicating that the SD sequence may be used for translation initiation in some genes of those species. Experimental verification of these mechanisms, however, are required.
The terminal sequence of 16S rRNAs is conserved among prokaryotes. Therefore, the SD interaction is thought to play an important role in translation initiation in essentially all prokaryote species that are descended from the last universal common ancestor. However, our results clearly show a diversity of mechanisms of translation initiation in prokaryotes during evolution. We also reported diversity in translation initiation mechanism in eukaryotes (36) . One might then wonder why the SD sequence is considered to be the universal mechanism for translation initiation in prokaryotes. One possible reason is the large proportion of genes having the SD sequence in the well studied species (5) (6) (7) (8) . Those species in which the functionality of the SD sequence was confirmed by experimental evidences, such as E. coli, B. subtilis, or M. jannaschii, tend to show large positive values of dR SD (53.7, 78.0, and 44.9, respectively). Although the genome of H. salinarum, in which leaderless mRNAs initiated translation efficiently (24) , is not available, the dR SD value of the other Halobacterium (Halobacterium sp. NRC-1) is negative (−3.0), indicating a lack of functionality of the SD sequence for translation initiation. Sakai and colleagues (37) analyzed a correlation between the codon usage bias and the Gibbs energy of the interaction between an upstream sequence of an mRNA and the 3′ end of the 16S rRNA in the species. They reported that a correlation was observed for the following species: E. coli, B. subtilis, M. jannaschii, Methanobacterium thermoautotrophicum (dR SD of 45.3), Haemophilus influenzae (41.5), and Archaeoglobus fulgidus (7.7). Meanwhile, no correlation was found in the following species: Synechocystis sp. (−3.9), Mycoplasma genitalium (2.7), and Mycoplasma pneumoniae (8.0). This result supposes that the SD sequence of the species with large dR SD values tend to be effective for translation initiation. Therefore, we believe that the SD interaction has been considered the universal mechanism for effective initiation of translation in prokaryotes because the organisms used for most of the experiments have high SD presences. According to our results and those of preceding studies, the origin of the mechanisms seems to use both the SD sequence and a leaderless mRNA, considering the evolutionary conservation of the anti-SD sequence and broad usage of leaderless mRNAs including all three domains, respectively (25, 38) . It is known that the origin of eukaryotes is a hybrid of bacteria and archaebacteria, and translation-related proteins are shared by eukaryotes and archaebacteria (39) . Indeed, three eukaryotic translation initiation factors are found in archaebacteria, not in eubacteria (40, 41) . However, the details on molecular function of these homologous proteins in archaebacteria for translation initiation remain unclear (41) . Additional experimental and comparative genomic studies are required to investigate the relationship of the mechanisms of translation initiation among three domains. In eubacteria, an RPS1 gene appeared in its root because Aquificae, which is reported to be the closest to the root of eubacteria, has an RPS1 gene, whereas neither archaebacteria nor eukaryotes have an RPS1 gene. The variation of RPS1 function might be related to the diversification of the proportion of SD-containing genes in a species depending on its phylum. The loss of the SD sequence might be accelerated when it is not essential for efficient translation initiation. Moreover, some species, such as Cyanobacteria, might acquire new mechanisms of translation initiation. All these results show that the mechanisms of translation initiation dynamically changed during evolution.
Materials and Methods
Genomic Data. All genome sequences and annotations were downloaded from the GTPS2006 database (27) (http://gtps.ddbj.nig.ac.jp/). For those species annotated with more than one strain, such as E. coli str. K12 substr. W3110 and E. coli str. K12 substr. MG1655, the strain having the largest number of genes was chosen as the representative one. We examined 277 species in this study (Dataset S1). For each species, we obtained protein-coding genes and 16S rRNA on the basis of the annotation. The protein-coding genes, which start from an AUG, GUG, UUG, AUA, AUU, or AUC codon and end with a stop codon, were used in this study. Information on gene functions and living temperatures of all organisms was obtained from the Clusters of Orthologous Groups (COG) Database of the National Center for Biotechnology Information (42) (http:// www.ncbi.nlm.nih.gov/COG/) and the German Collection of Microorganisms and Cell Cultures (http://www.dsmz.de/), respectively. The obtained living temperatures are described in Dataset S1.
Determination of 3′ End of 16S rRNAs and the SD Sequence. To detect the SD sequence in the 5′ UTR of mRNAs, we calculated the free energy for base pairing between the upstream sequence of an mRNA and the complementary sequence at the 3′ end of a 16S rRNA. As noted (Results), we searched the conserved elements of all species examined corresponding to the 3′ tail of 16S rRNA in E. coli. We constructed a multiple alignment of the sequences using the alignment program Q-INS-i in MAFFT (43) . The Shannon entropy at position i, I = 2 -(-∑ n o n (i ) log 2 o n (i ) ), where o n (i ) is the fraction of the observed number of nucleotide n (A, U, G, and C) at position i, was calculated by using WebLogo (44) .
The change in the Gibbs free energy, ΔG, which is required to connect the two strands of nucleotides, the 3′ tail of a 16S rRNA and the SD region (position from -20 to -5) of an mRNA, was calculated using free_scan (45) . Free_scan is based on individual nearest-neighbor hydrogen bonding methods (46) . It is difficult to determine the terminal sequence of 16S rRNA. Therefore, the sequence corresponding to the 3′ tail of the E. coli 16S rRNA was used for each species in this study (Dataset S1). If the ΔG between the 3′ tail of a 16S rRNA and the SD region of an mRNA was smaller than −3.4535, the gene was assumed to have an SD sequence (45) . The threshold for the identification of the SD sequence in an mRNA was the mean energy value of the four-base interactions between the SD and the anti-SD sequences (45) . The proportion of the SDcontaining genes in a species was calculated as R SD as the number of the SD-containing genes divided by the number of all genes.
The determination of the SD sequence by calculating the interaction energy is, however, affected by the GC content in a species (from 74.9% in Anaeromyxobacter dehalogenans to 22.5% in Wigglesworthia glossinidia), because the SD sequence (GGAGG) is GC-rich. Therefore, to estimate the proportion of false-positive SD-containing genes resulting from GC content in a species, we generated 20,000 randomized sequences with the GC content calculated from the 5′ UTR (position from -100 to -1), excluding the SD region, of a given species. We then found that the proportion of the sequences recognized as SD sequences (named rR SD ) was strongly correlated with genomic GC content ( Fig. S8A ; Pearson correlation coefficient r = 0.75; P < 10
−10
). To compare the proportion of SD-containing genes unaffected from the GC content in a species, we defined the SD index dR SD to be R SD minus rR SD .
To validate dR SD as the index for the proportion of the SD-containing genes in a species, we applied the G-test method, which can evaluate positiondependent nucleotide biases without the effect of variation in GC content (SI Materials and Methods) (36, 47, 48) . Application of this method to the genomic data of E. coli, for example, led to successful identification of the nucleotide biases (G and A) in the SD region (Fig. S7) . It seems reasonable to suppose that the strongest nucleotide bias in the SD region (g max ; SI Materials and Methods) is correlated with the proportion of SD-containing genes. The strong correlation between dR SD and g max ( Fig. S8B ; r = 0.80; P < 10 −10
) indicates that dR SD is applicable to the evaluation of a proportion of the SD-containing genes in a species, and that the use of the conserved terminal sequences of 16S rRNA is also suitable for this purpose. In addition, this result also suggests that the biases detected in the SD region are mainly caused by the SD sequence (i.e., the sequence corresponding to the 3′ tail of 16S rRNA). The slightly improved correlation (between g max and R SD , r = 0.78; P < 10 −10
; Fig. S8C ) might also support the use of dR SD . We therefore used dR SD as the index for the proportion of the SD-containing genes in a species. The values (g max , dR SD , R SD , and rR SD ) for each species are summarized in Dataset S1.
Phylogenetic Analysis. Phylogenetic trees were constructed by first generating multiple alignments of 16S rRNAs of eubacteria and Archaebacteria using MAFFT (Q-INS-i) (43). The evolutionary distances were then computed using the Maximum Composite Likelihood Method (49) . The phylogenetic trees were constructed from these distances by the neighbor-joining method as implemented in the program MEGA4 (50).
Calculation of Secondary Structure. Following the approach by Kudla et al. (29), we calculated the minimum Gibbs energy of a secondary structure from -4 to +37 in an mRNA of each species using the hybrid-ss-min program (version 3. Calculation of Codon Use. The codon bias in a gene was calculated as the geometric mean of the relative synonymous codon usage values corresponding to each of the codons used in that gene, divided by the maximum possible codon bias for a gene of the same amino acid composition (52) . The codon usage was based on all of the protein-coding genes in the genome of each species.
